In Drosophila melanogaster x D. simulans hybrids, the alcohol dehydrogenase (ADH) electromorphs characteristic of the two parents display tissue-and stage-specific differences in relative level of expression. This implies distinct cis-acting regulatory elements associated with the respective Adh alleles. These cis-acting elements account in part, but not completely, for markedly different overall patterns of ADH expression in the two species. The regulatory patterns seem to be adaptively significant since they correlate with species-specific patterns of ethanol tolerance. The activity differences are accounted for by different levels of enzyme protein, but the underlying mechanisms have not been fully analysed and may be complex. Independent evolution of various aspects of the ADH developmental programme may relate to use of different promoters for transcription of the Adh locus in different developmental contexts. This system illustrates the potential importance of regulatory genes in evolution and provides a model for investigating the molecular basis of evolved regulatory differences.
INTRODUCTION
Divergent patterns of regulation of homologous genes in related species are of interest in both evolutionary and mechanistic contexts. It has been proposed that changes in gene regulation are important in adaptive evolution, perhaps more so than changes in protein structure (King and Wilson, 1975; Valentine and Campbell, 1975; Wilson, 1976; Hedrick and McDonald, 1980; Maclntyre, 1982) . However, the evidence advanced in support of this view is largely indirect. For example, King and Wilson (1975) argued that rates of change in structural loci are poorly correlated with rates of change of gross phenotype, and that the latter changes must therefore be due to other sorts of genetic alteration, possibly affecting gene regulation. On the other hand, several reports provide direct evidence for evolved differences in the developmental regulation of specific proteins but contain no evidence bearing on their adaptive significance (Markert et al., 1975; Dickinson, 1980a; Whitt, 1981) .
The extensive information available on the role of alcohol dehydrogenase (ADH) in ethanol utilisation and tolerance in Drosophila provides an opportunity to investigate the regulation of a specific gene relative to a known adaptive function. Studies on ADH variants in D. melanogaster consistently suggest that this enzyme is important in ethanol tolerance (Clarke, 1975; David et a!., 1976; David, 1977; McDonald and Ayala, 1978; Ayala and McDonald, 1980; reviewed in Van Delden, 1982) . Likewise, differences in total ADH activity among Drosophila species apparently 215 relate to differential utilisation of ethanol rich resources (McKenzie and. Parsons, 1972; David et a!., 1974; McDonald and Avise, 1976) . In particular, D. melanogaster, which has a much higher adult level of ADH than its sibling species, D. simulans, is much more likely to be found near strongly fermented food resources (e.g., in wineries) and survives exposure to much higher concentrations of ethanol in laboratory experiments.
From a mechanistic point of view, evolved regulatory differences can be useful tools in a genetic and molecular analysis of gene regulation. For example, we have used interspecific Drosophila hybrids to demonstrate complex, cis-acting genetic elements that control the tissue and stage specific expression of linked structural genes. (Dickinson and Carson, 1979; Dickinson, 1980b Dickinson, , 1983 . Molecular comparisons of the parental species can provide evidence concerning the level at which these elements operate (Rabinow and Dickinson, 1981) and may lead to identification of relevant DNA sequences. Extensive genetic and molecular studies on ADH in D. melanogaster (O'Donnell eta!., 1977; Woodruff and Ashburner, 1979a, b; Thatcher, 1980; Benyajati et al., 1980 Benyajati et al., , 1981 Benyajati et al., , 1983 ) and some comparative work on sequences in D. simulans (M. Bodmer and M. Ashburner, personal communication) provide background information that makes ADH a favourable system also in this context.
The present study demonstrates that there are important differences in ADH regulation in D. melanogaster and D. simulans, that these differences are partly under control of cis-acting factors, and that the regulatory patterns correlate with species specific patterns of ethanol tolerance.
MATERIALS AND METHODS
D. melanogaster Y59b1 obtained from William K. Baker, and a wild type D. simulans stock from Peru, obtained from David R. Wolstenholme, were used for all experiments unless otherwise noted. The D. melanogaster stock was chosen because the females hybridise to D. simu!ans more readily than wild type flies. It is fixed for the common Adh' allele and has total activity and a pattern of expression similar to wild type stocks carrying that allele. Comparative studies employed a variety of additional stocks as noted below. Flies were maintained on standard cornmeal-agar-yeast medium at 25°C. Unless otherwise noted, larvae were in the late third instar but still actively feeding and adults were females aged seven to ten days.
ADH in extracts of dissected tissues and whole organisms was analysed following electrophoresis in Agar Noble gels containing 0'! mg/ml NAD as previously described (Dickinson and Carson, 1979) , except for the use of 054 M ethanol as substrate. Stain intensity was measured with a Quickscan integrating densitometer (Helena Laboratories). Sample concentrations, volumes and staining times were chosen to yield a linear relationship between stain intensity (area under densitometer peak) and enzyme concentration, based on preliminary experiments (correlation coefficient >0•99).
Cross reacting material (CRM) was measured by radial immunodiffusion. Test plates were prepared in 60 mm plastic petri dishes and contained 4 ml of 1 per cent agarose in 0'lS M NaCI, 005 M Tris, pH 80 to which 0'OS ml of crude goat anti-ADH serum (a gift of William Sofer) was added just before pouring. Samples (15 il of crude extract) were loaded into 3 mm holes and the gel was left at 4°C for two days before staining for ADH activity. The areas of the stained discs were used to determine CRM levels. All samples were analysed on gels along with a series of standards (dilutions of adult D. melanogaster extract). The standards were used to determine a line (least squares method, coefficient of correlation >098 in each case) from which the CRM content of each experimental sample was read as a percentage of that in D. melanogaster adults. Control immunotitrations of mixed extracts established that antibody affinity for ADH from the two species is very similar, with the D. melanogaster enzyme only slightly preferred.
CRM was measured in samples resolved by electrophoresis using a slight modification of this method. Each band in a lightly stained gel was punched out with a cork borer and dropped into a matching hole in an immunodiffusion plate. These samples were allowed to diffuse and analysed as described above. Calibration was in comparison to a series of standards diluted prior to electrophoresis. RNA was prepared as described (Rabinow and Dickinson, 1981) , except with the addition of 200 g/ml of proteinase K (Boehringer) to the extraction buffer. RNA samples were either spotted directly on nitrocellulose or resolved by electrophoresis in agarose gels containing formaldehyde (Lehrach et al., 1977) and transferred to nitrocellulose. In either case, the conditions for binding RNA to nitrocellulose were those given by Thomas (1980) as were the subsequent hybridisation and wash procedures.
ADH mRNA was detected by hybridisation to the plasmid sAC-1 (Goldberg, 1980), which contains the complete ADH coding sequence from D. melanogaster. Spots or bands visualised by autoradiography were cut out and counted to obtain estimates of relative messenger abundance. Structures near the 5' ends of larval and adult ADH mRNAs were compared by S1 nuclease protection experiments (Berk and Sharp, 1977) .
Survival on ethanol was measured by placing 50 individuals per vial at the indicated stages on food prepared from equal volumes of dry instant Drosophila medium (Carolina Biological Supply) and an ethanol: water mixture of the concentration specified.
Where indicated in text or tables, statistical uncertainties represent 95 per cent confidence intervals.
RESULTS
(i) Regulatory phenotypes Cis-acting regulatory variants are readily detected in hybrids, provided products of alleles contributed by the two parents can be resolved by electrophoresis. Differences in cis-acting regulators are revealed as temporal or spatial variation in the ratio of the two products (Dickinson, 1980b (Dickinson, , 1983 ). An analysis of ADH in tissues of D. melanogaster x D. simulans hybrids is displayed in fig. 1 . It is clear that the relative expression of the alleles varies among tissues at each stage and that there is a general trend toward preferential expression of the D. melanogaster allele in adults.
Qualitatively, the pattern differences inferred from these sub-unit ratios in hybrids are confirmed in comparisons of the parental stocks. For example, larvae of the two species have similar total ADH activities while adults are very different (table 1) . However, the differences between species consistently are greater than would be expected from the sub-unit ratios, Tissues from five individuals were dissected and pooled. Following homogenisation, an equal volume of each sample was loaded on a gel for electrophoretic analysis. Gels were stained and scanned with a densitometer as described in materials and methods. In each scan, the peak representing the D. melanogaster homodimer is to the left and the D. simulans homodimer is to the right. The intermediate peak is the heterodimer. Top row, left to right: larval carcass (integument and body wall musculature); larval gut; larval fat body. Bottom row, left to right: adult head; adult gut; adult fat body (with abdominal body wall).
implicating factors in addition to cis-acting regulators. Table 1 summarises data for whole larvae and adults. Similar results are obtained with dissected tissues.
Surprisingly, the total activity in hybrids, particularly adults, is significantly higher than in either parent, possibly because of important differences in physiology. Hybrids have rudimentary ovaries and enlarged fat bodies and their total body weight averages about 25 per cent greater than the parents. ADH activity is much higher in fat body than in ovary and varies dramatically with weight (Clarke et aL, 1979) . These factors complicate any analysis of trans-acting regulators, but do not affect the demonstration of cis-acting elements, since that depends on the relative expression of two alleles in an individual.
Since a major feature of these regulatory patterns is a shift toward greater relative expression of the D. melanogaster allele in adults, we examined the timing of this shift in whole hybrids. The approximately equal expression of alleles characteristic of third instar larvae is also seen in both earlier larval stages as well as in all pupal stages, at least through formation
LGT LFB AGT AFB 'All values are determined from stain intensity following electrophoresis in order to be directly comparable to sub-unit ratios measured in hybrids.
2 Ratios were determined following electrophoresis of mixed samples prepared from equal weights of individuals from the two stocks.
' Sub-unit ratios were estimated by attributing half the activity measured for the heterodimer peak to each of the parental forms.
of prominent cuticular pigmentation (about one day before eclosion). The sub-unit ratio in newly emerged adults is somewhat variable but, on average, remains close to that seen in larvae. Within two-three days after eclosion, the shift to the preferential expression of the D. melanogaster allele is completed. Consistent with these patterns in hybrids, newly emerged adults of the parental stocks have similar total ADH activities while by three days after eclosion the characteristic four fold difference is achieved.
(ii) Comparisons to other strains At least with respect to the cis-acting differences, the regulatory patterns found in the standard stocks used in the foregoing experiments are widespread in the respective species. We tested two other wild type D. simulans stocks, one from North America and one from Europe, and two laboratory stocks. All yielded essentially identical results both in side by side comparisons and in crosses to the same D. melanogaster stock. We also compared ten other AdhF alleles from diverse stocks to that in y591'z in the following design. Each stock (including y59bz) was crossed to a Canton-S wild type stock which is homozygous for Adhs. Larval and adult tissues in the heterozygous progeny were analysed for relative expression of the two alleles as above. The slow allele serves as an internal control against which expression of each independently sampled fast allele is compared. We found no significant difference among the fast alleles examined in this experiment.
We similarly tested ten slow alleles against a single fast allele from an Oregon-R wild type stock and found no variability. In all combinations, the fast allele is expressed more strongly in each tissue of both stages. There is some variation in subunit ratio among tissues and stages, with the slow allele tending slightly toward the pattern of expression of the D. simulans allele, but the major feature is a systemic difference in level of expression rather than tissue-and stage-specific differences. Note that the foregoing only examines equivalence of cis-acting factors in various AdhF and Adhs stocks and does not preclude variation in total activity among stocks of either class.
(iii) Adaptive significance If ADH is important in ethanol detoxification, the observed regulatory patterns suggest that differences in ethanol tolerance might be most marked 
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Ethanol concentration in adults. This expectation is confirmed for our stocks by experiments illustrated in fig. 2 . Interestingly, adult hybrids are more tolerant than D. melanogaster, in accord with their higher levels of ADH.
(iv) Mechanism
The ADH activity patterns in the two species reflect differences primarily in the amount of enzyme protein present, not differences in catalytic properties, as demonstrated by measurement of cross reacting material (CRM) summarised in table 2. Larvae of each species have a CRM/activity ratio somewhat lower than adults, and D. simulans has a slightly higher ratio than D. melanogaster in each stage. The latter might be due to either greater affinity of the antibody for the D. melanogaster enzyme or lower efficiency of the D. simulans enzyme. Nevertheless, the major features of the activity patterns are clearly reflected in the CRM measurements. Thus, in D. melanogaster both activity and CRM are lower in larvae than in adults, while in D. simulans both are about two fold higher in larvae. Likewise, the distribution of activity among the three types of dimers in hybrids reflects primarily the number of molecules of each type. Specifically, the average D. melanogaster: D. simulans sub-unit ratio estimated from four replicate sets of CRM measurements in hybrids is 111 for larvae and 2O6±O54 for adults. (Compare with F16±018 and 217±O23, respectively, estimated from activity measurements in table 1.) We have previously shown that cis-acting genes regulating qualitative differences in tissue specificity of ADH in species of Hawaiian Drosophila act to control accumulation of ADH mRNA (Rabinow and Dickinson, 1981 times that in D. simulans. This might represent a minimum estimate since non-specific background would reduce the ratio. Background should be reduced by separating ADH mRNA from other RNA and contaminating DNA by electrophoresis. Indeed, the ADH mRNA abundance ratio measured in this way on the same set of samples is 171 ADH activity was measured in flies from each batch from which RNA was prepared. In all cases, the activity in D. melanogaster adults was at least four fold higher than in D. simulans, consistent with the values reported in table 1. Thus, the difference in RNA abundance is in the same direction as the enzyme activity (or CRM) difference but is significantly less pronounced.
It has recently been shown that the mRNA produced from the ADH locus in D. melanogaster is different in larvae and adults (Benyajati et aL, 1983 ). The differences lie in a 5' leader sequence and may reflect the utilisation of two different promoters and removal of an additional intron from within the untranslated leader of the adult transcript. Sequence homology suggests that D. simulans has a similar arrangement (M. Bodmer and M. Ashburner, personal communication). We have compared the fragments protected from S1 nuclease digestion when cloned DNA sequences are hybridised to larval or adult ADH mRNA of each species, focusing on a region that encompasses the 5' end of the larval message and the 3' splice junction of the adult specific intron in D. melanogaster (Benyajati et aL, 1983) . The results (plate 1) indicate that D. simulans also makes distinct ADH messengers with similar stage specificity.
Discussior'i
Our central conclusion is that D. melanogaster and D. simulans regulate ADH differently. This goes beyond a simple quantitative difference in enzyme activity since the differences are stage-and tissue-specific. The differences are partly under control of cis-acting genetic elements. The respective regulatory patterns seem to account for species-specific differences in the temporal pattern of ethanol tolerance. This last conclusion is consistent with earlier reports of McKenzie and Parsons (1972) and McDonald and Avise (1976) , although the relationship does not appear to have been recognised previously. We are aware of only a few other instances in which the tissue-or stage-specific regulation of a gene has been related to adaptation. For example, a high level of lysozyme in stomach mucosa appears to be characteristic of ruminants and to be adaptive for their pattern of nutrition (Dobson Ct aL, 1979; White et aL, 1982) , but the evolutionary distance from the comparison species is much greater than in the present case. Likewise, Allendorf et al. (1983) postulate an adaptive role for a regulatory polymorphism affecting phosphoglucomutase expression in liver of rainbow trout, but the causal connection is less clear than the relationship of ADH to ethanol tolerance. Wilson et aL (1977) list additional possible cases.
Mechanistically, this system presents several complexities not evident in some of the qualitative regulatory differences we previously analysed in Hawaiian Drosophila. In those cases, cis-acting factors alone were sufficient to account for major regulatory differences (Dickinson and Carson, 1979; Dickinson, 1980b) and differences in enzyme activity were reflected at the RNA level (Rabinow and Dickinson, 1981 and unpublished) . In the present case, the cis-acting component accounts for only about half of the difference seen between species. Differences in RNA abundance seem to account for even less than this. Note that these are unrelated conclusions. It is not surprising that trans-acting factors may contribute to the species difference since such factors have previously been shown to affect ADH level in D. melanogaster and to respond to selection for survival on ethanol (McDonald et aL, 1977; McDonald and Ayala, 1978; Laurie-Ahlberg et aL, 1982) .
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PLATE 1. DNA fragments protected from S nuclease digestion by hybridisation to larval and adult ADH mRNA. The DNA is from a subclone extending from the Hind HI site beginning at +652 in the numbering system of Benyajati et a!., (1983) to a Barn Hi site 605 base pairs downstream. The results using D. melanogaster larval and adult RNAs are shown, respectively, in lanes 1 and 2 and those for D. simulans RNAs in lanes 4 and 5 in the same order. The markers in lane 3 are Hpa 11 fragments of pBR322. The protection of a smaller 5' end fragment with adult messenger is expected in the case of D. melanogaster since the 3' splice site for removal of the adult intron falls within a region represented as an intact transcript in the larval messenger (Benyajati eta!., 1983) . The situation appears to be similar in D. simulans. melanogaster and D. simulans express ADH at very similar levels in larvae but very different levels in adults. Thus, it appears that expression in these two stages can evolve more or less independently. We previously have reported a number of similar examples that indicate that various aspects of the developmental program of a specific gene can change independently, all under cis-acting control (Dickinson, 1980b (Dickinson, , 1983 . We have suggested that these results imply some sort of complexity in the regulatory region of such genes and have published a speculative model involving multiple promoters (Dickinson, 1983) . In the present context, we note that the production of distinct ADH mRNA in larvae and adults (Benyajati et aL) , provides several opportunities for regulatory elements affecting larval and adult expression to evolve independently. If transcription involves different promoters, as suggested by presence of proximal and distal "TATA" boxes, different sequences may influence the efficiency of utilisation of each. M. Bodmer and M. Ashburner (personal communication) have made available a comparison of DNA sequences in and around the ADH structural genes of the two species. There are about 30 substitutions within 200 base pairs upstream from the putative distal (adult) promoter but only one substitution within that distance from the proximal (larval) site. This is true even though the latter sequences lie within an intron with respect to the adult transcript.
The latter level of sequence conservation is comparable to that seen in ADH coding sequences while the former is close to that seen in the two introns within the coding region. It is tempting to speculate that sequence conservation near the putative larval promoter is related to the conservation of ADH regulation in larvae, but a firm conclusion awaits further work.
Explanations at other levels are also possible. Since both the processing of transcript into messenger and the sequence of the untranslated leader on the completed messenger differ in larvae and adults, signals affecting processing efficiency, translational efficiency and messenger stability all might evolve independently with respect to the two stages. We cannot exclude even structural differences with some indirect effect on realised developmental pattern. However, simple differences in catalytic properties seem to be excluded by the immunological data. One might obtain the observed patterns by altering relative stability of the enzyme in a tissue and stage specific way (Beutler, 1983) , but the constraints on such a model are severe. Note, for example, that the larval isozyme ratio, established during a period of rapid net ADH synthesis, is maintained throughout pupal life, during which total activity is declining. Then, the shift to the adult ratio takes place during another period of rapid net synthesis. This is most easily understood in terms of a shift in relative rates of synthesis. Despite uncertainties concerning the mechanisms involved, this case provides evidence in favour of the central point of our previous model (Dickinson, 1983) , which is that complexity or multiplicity of cis-acting regulatory components could account for the observation that various aspects of the developmental programme of a specific gene can change independently during evolution.
More detailed molecular analysis of the present case should be very interesting.
